To investigate the mechanism of thrust generation by flapping airfoils, the inviscid version of a three-dimensional unsteady compressible Euler/Navier Stokes flow solver is used to simulate the flow field around flapping airfoil NACA 0012 at low speeds. Sinusoidally plunging or/and pitching oscillations are studied. The compressible Euler code with a low free-stream Mach number of 0.1 or 0.05 can simulate the incompressible flows without leading-edge separation. The wake vortex structures are visualized by numerical methods: vorticity filled-contours, perturbation-velocity vector plots, and streamlines. The computed wake-vortex structures almost coincide with known low-speed test results. The time-averaged thrust coefficients, input-power coefficients, and the efficiency over a period of the oscillation versus the Strouhal number based on the total excursion of the trailing edge of the airfoil for a number of combined plunging and pitching cases agree well with the linear and non-linear incompressible potential-flow solutions in the literature. In comparison with known test data, the accuracy of the computed forces decreases when the leading-edge vortices appear and become strong enough to interfere with the trailing-edge vortices.
I. Introduction
Humanity's earliest dreams for flight were inspired by birds and bats. Little progress was made on the understanding of the mechanism of the flapping wings until 1910's when Knoller 1 and Betz 2 noted that the flapping motion of an airfoil produces an effective angle of attack resulting a normal force vector which has a component in forward direction, the thrust. This phenomena was observed by Katzmayr 3 in his experiment in 1922. Later Freymuth 4 experimentally demonstrated that an airfoil is capable of generating thrust when it undergoes either pure pitching or pure plunging. A comprehensive review of the research and development results of flapping-wing propulsors was given by Rozhdestvensky and Ryzhov. Water-tunnel tests of a NACA 0012 airfoil oscillated sinusoidally in plunge were performed by Jone, Dohring and Platzer 6 and Lai and Platzer. 7 They provided dye flow visualizations over a broad range of reduced frequencies and nondimentional plunge amplitudes and compared the experimental data with their numerical computations by an incompressibe potential flow code.
Neef and Hummel 8 computed the two-dimensional airfoils and three-dimensional high aspect ratio wings by using Euler equations . The reduced frequency is limited to about 0.1 to simulate the flow of the cruising of large birds. In that paper, they investigated the asymmetric thrust distribution during each period, and numerically demonstrated that the additional lift has no influence on thrust output.
Lewin and Haj-Hariri 9 modeled the thrust generation of a symmetric Joukowski airfoil with plunging motion by solving the vorticity equations for a two-dimensional viscous incompressibe flow. They investigated how the fate of the leading-edge vortex affects the wake and efficiency.
Anderson 10 and Anderson, Streitlien, Barrentt, and Triantafyllou 11 obtained visualization and force data for a plunging and pitching airfoil NACA 0012 moving in a water testing tank facility, and found that agreement between theoretical predictictions of a nonlinear incomressible potential flow computation and experiment is good when either very weak or no leading-edge vortices form.
Tuncer and Platzer 12 used a compressible Navier-Stokes solver to compute the unsteady flow fields and obtained maximum propulsive efficiency when the flow remains mostly attached over the airfoil oscillated in a combined pitch and plunge. Recently, Young and Lai 13 used a compressible Navier-Stokes solver and an incompressible potential flow code to simulate the flow over a NACA 0012 airfoil oscillated sinusoidally in plunge. They found that leading-edge separation appears to dominate the generation of aerodynamic forces for low reduced frequencies and high dimensionless amplitudes, but becomes secondary for high frequencies and low amplitudes.
The objective of this study is to explore the application of a compressible Euler solver to simulate the low-speed flow over an airfoil NACA 0012 oscillated sinusoidally in plunge and pitch. In the following sections, the Euler solver and the computation model are described. The grid refinement and the time-step refinement are investigated numerically. The implement of the compressible Euler solver to simulate the lowspeed flow is validated by numerical experiments and incompressible potential-flow solutions. The computed wake-vortex structures and aerodynamic forces are presented and compared with known experimental data and numerical potential flow and Navier-Stokes flow solutions. Lastly, conclusions are drawn.
II. Euler Solver
It is known that the Euler solver can capture automatically the shear layer separated from the sharp trailing edge and its rolling up into a vortex cores while convected downstream. Although the secondary separations such as those shown in Figure 14 of Young and Lai 13 on either or both sides of the airfoil near the trailing edge from their Navier-Stokes code are absent in the Euler solutions, the gross dominant characteristics of the wake flowfield, i.e. the primary trailing-edge vortex configurations and their interactions with the body surface are reproduced as long as there are no leading-edge separation vortices.
The present Euler solver is based on a multi-block, multigrid, finite-volume method and parallel code for the three-dimensional, compressible steady and unsteady Euler and Navier-Stokes equations. The method uses central difference with a blend of second-and fourth-order artificial dissipation and explicit Runge-Kuttatype time marching. The coefficients of the artificial dissipation depend on the local pressure gradient. The order of magnitude of the added artificial dissipation terms is of the order of the truncation error of the basic scheme, so that the added terms have little effect on the solution in smooth parts of the flow. Near the steep gradients the artificial dissipation is activated to mimic the physical dissipation effects. The resulting code preserves symmetry. Unsteady time-accurate computations are achieved by using a second-order accurate implicit scheme with dual-time stepping. The solver has been validated for a number of steady and unsteady cases.
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III. Validation for Low-Speed Flow
The present Euler solver was originally designed for compressible flows. It is known that the numerical solution of a compressible flow solver may not converge to the physical incompressible flow as the free-stream Mach number goes to zero. To remove this problem, a preconditioning techniques to treat the compressibleflow solver are proposed by Turkel.
18 However, in many cases, there exists a small nonzero free stream Mach number at which the compressible code would yield good approximate incompressible flow. Instead of implementing the preconditioning techniques, the appropriete small free-stream Mach number is searched for by numerical experiments, if it exists.
As an example, the steady incompressible inviscid flow over the airfoil NACA 0012 at α = For the unsteady low-speed flow considered in this paper, the M ∞ -validation of the Euler solver will be studied after the grid and time-step refinement investigations.
IV. Computational Model
The airfoil NACA 0012 with chord length c performs a harmonic plunging motion h(t) and a harmonic pitching motion θ(t) around the pivot point O located behind the leading edge by a distance b, in an uniform flow of low speeds as shown in Fig. 2 . The free-stream velocity and Mach number are U ∞ and M ∞ . The pitching movement and the plunging movement for the airfoil are described below. where ω is the angular frequency, φ is the phase difference by which the pitching leads the plunging. The instantaneous angle of attack of the airfoil at the pivot point O consists of two parts: one part due to the pitching motion of the airfoil and the other part due to the plunging motion of the airfoil.
The angle of attack has a maximum value, α max . A nominal angle of attack, α 0 introduced by Anderson et al. is defined as.
The reduce frequency k is defined as
where f denotes the frequency of airfoil oscillation in Hz, i.e., f = ω/(2π). For flapping cases, the Strouhal number is used, St is defined as
where A denotes the characteristic width of the wake flow. Usually A = 2h 0 . Alternatively, a Strouhal number based on the total excursion of the trailing edge of the airfoil A T E is widely used and denoted by St T E .
The instantaneous aerodynamic force components X(t) and Y (t) are in the x-and y-directions, respectively. M (t) is defined as the instantaneous pitching moment around the pivot point O shown in Fig. 2 . The corresponding non-dimensional coefficients based on the free-stream dynamic pressure and the airfoil chord are c x (t), c y (t) and c m (t), respectively. The instantaneous pressure coefficient is denoted as c p (t).
The time-averaged value of −X(t) over a period of the oscillation denoted by F is the thrust generated by the airfoil.
The time-averaged power input is
The thrust coefficient C T and the power input coefficient C P are based on the free-stream dynamic pressure and the airfoil chord. The propulsive efficiency η is defined below.
V. Grid and Time-Step Refinement and M ∞ -Validation
The plunging oscillation of the airfoil NACA 0012 with reduced frequency, k = 4.0 and non-dimensional plunging amplitude, h 0 /c = 0.0125 is computed. There is no leading-edge separation in this case as shown by Young et al. 13 by the Navier-Stokes computation in their It is seen that the wake configurations at ωt = 0 and π are symmetric with respect to airfoil chord line, but the vorticities have opposite sign. The wake configurations at ωt = π/2 and 3π/2 are similarly symmetric. The present results at ωt = π agree qualitatively with the test data and the Navier-Stokes solutions given in Figure 7 of Young et al. 13 The only difference is that in their results two same-sign vortices shed per half-cycle of the airfoil and in our results one elongate vortex shed per half-cycle vortex. However, the length of the latter elongate vortex is equal to the span of the former two same-sign vortices. The time-averaged thrust coefficient computed by the Euler solver, C T = −0.0081. A skin friction force has to be subtracted from the inviscid-flow solution to simulate the real flow. An estimation of the skin friction is obtained by the flat-plate skin-friction formulae. At the experimental Reynolds number based on the airfoil chord, Re = 2 × 10 4 , the skin friction coefficient of the airfoil, C f = 0.0188. And thus for real flow, C T = −0.011, which is a positive drag. Tuncer et al. 12 gave the time-average drag coefficient 0.008 from experimental data and Navier-Stokes computations in their Table 1 for the case k = 3.925, h 0 /c = 0.0125. The agreement is good in consideration that the magnitude of C T is very small. Fig . 10 gives the wake vorticity filled-contour plot of the airfoil NACA 0012 sinusoidally plunging with k = 1.5 and h 0 /c = 0.20 at the instant ωt = 0, π/2, π, and 3π/2. In this case the shear layer generated at the sharp trailing edge is rolled up quickly to form a big concentrated vortex. It is noted that the wake vortices are staggeredly located. The upper vortices are counter-clockwise and the low vortices are clockwise. Thus, a jet wake is formed, i.e. the wake has higher streamwise velocity component than that of the free stream. The wake wavelength, λ/c is somewhat greater than π/k = 2.1. The present result at ωt = π/2 agrees remarkably with the incompressible potential-flow solution and the water-tunnel test data given by Jones et al. 6 in their Fig. 8 . Figure 11 gives α, c y and c x versus ωt. The amplitudes of α, c y , and c x are 30.96
• , 3.503, and 0.3434, respectively. Again, the lift has the same period of the airfoil oscillation and the drag's period is one half of the lift's period. The lift and drag lead before the angle of attack, and their lead phase angles are 0.7854 and 1.015 rad., respectively. The time-averaged lift over a period is zero. The time-averaged drag is nonzero.
The time-averaged thrust coefficient computed by the Euler solver, C T = 0.298. This value is much greater than C f = 0.0188 at Re = 2 × 10 4 . For real flow, C T = 0.279, a positive thrust which is consistent with the jet-wake structure observed above. The computed time-averaged power coefficient C P = 0.741, and the efficiency, η = 37.7%.
VII. Computation Results for Combined Plunging and Pitching
The combined sinusoidally plunging and pitching airfoil NACA 0012 are computed by the Euler solver. 
A. Force Investigation
Four cases are studied. The given three parameters are listed in Table 1 . For the above four cases, the angular amplitude of the pitching oscillation, θ 0 as a function of St T E is calculated by Eqn. (4) and Eqn. (7), and is shown in Fig. 12 . The computational results, which include the time-averaged thrust coefficients, power coefficients, and the efficiency are compared with the experimental data and the computed results using linear and nonlinear vortex methods for incompressible inviscid flows given by Anderson et al. 11 At the experimental Reynolds number based on airfoil chord, Re = 4 × 10 4 , the flat-plate skin-friction coefficient, C f = 0.01328 which is much smaller than C T except when St T E is close to zero. Thus the inviscid calculation results without the modifications for the skin friction are compared with the experimental data directly. The main difference between case 1 and case 2 is that the dimensionless plunging amplitude h 0 /c becomes 0.25 from 0.75, so the corresponding maximum pitching angle reduces to 32
• . The agreement with the experimental data are similar to those of case 1. The only difference is that the Euler solver over-predicts both thrust coefficients and power input coefficients for high St T E number, leading to that the predicted efficiency almost coincides with the experimental results.
Compared with case 1, the phase difference between the pitching motion and the plunging motion for case 3 is modified to 75
• . Fig 15 shows the comparison between computational results and experimental results. The Euler solver predicts the thrust coefficient and power input coefficients accurately for small St T E numbers, but the double peaks of the efficiency do not appear in the computational results.
The results for case 4, which has the nominal angle of attack decreased from 15
• to 5
• , are shown in Fig.  16 . Both the Euler solver and the non-linear potential-flow method over-predict the thrust coefficient and under-predict the power input coefficient. This may be due to the occurence of the leading-edge separation vortices as observed in the experiments. 11 The efficiency is over-predicted by the numerical solutions and the linear theoretical method. The trend that the efficiency decreases as the frequency increases matches with the experimental data.
It is noted that the present computed aerodynamic forces agree well with the incompressible potentialflow solutions for all cases studied, and thus the applicability of the compressible Euler code to simulate the low-speed flow is confirmed.
B. Wake Investigation
In order to investigate the mechanism of the thrust generation, the wake structures of two cases are computed in this subsection by using different sets of grids. Computational results are compared with the velocity visualization results from the experiments of Anderson.
10 The four parameters for the two cases are given in Table 2 . is shown in Fig.17(a) when the airfoil reaches the maximum plunging position. The figure shows reverse Kárman vortices shed from the trailing edge of the airfoil. Three vortices are clearly observed and no leading-edge vortex is observed from the experiments.
In order to capture the vortices in the wake, three sets of grids are used here to compute the case fa11. The grids are successfully refined in the wake. The grids distribution on the airfoil surface is unchanged and the cell number of the cells on the wake is increased. The computed perturbation velocity-vector plot is shown in Fig.17 (b Table 3 . At the experimental Reynolds number, Re = 1, 100, the skin friction coefficient, C f = 0.0801. This should be subtracted from C T of the Euler results listed in Table 3 . Thus, C T = 0.67 for the real flow. The vortex positions from the Euler solver with very fine grid agree well with the experimental results, and the thrust coefficients computed by the Euler solver after subtracting C f are less than that estimated by Anderson. Anderson calculated the thrust from the measured streamwise velocity profile of the wake using a momentum formula which neglects the contributions due to the fluctuating quantities and the pressure term.
The case fa37 has a higher pitching amplitude, θ 0 = 30
• . The flowfield from the experimental report of Anderson is shown in Fig. 18 . Experimental data shows moderate leading-edge separation vortices and their interference with the trailing-edge vortices. The finest grid given in Table 3 is used here to compute the flowfield and the results are shown in Table 4 . The computed perturbation-velocity-vector plot is shown in Fig. 18 . The Euler solver does not predict the leading-edge vortex and the predicted positions of the trailing-edge vortex differ slightly from the experimental results. C T computed by the Euler solver listed in Table 4 after subtracting C f becomes 0.4. This is greater than the value of C T = 0.34 estimated by Anderson as in the above case. The disagreement is due to the absence of the leading-edge vortex in the Euler solution and the inaccuracy of the momentum formula used by Anderson.
VIII. Conclusions
The wake structures and the time-averaged thrust coefficients and efficiency over a period of the flapping oscillation of the airfoil NACA 0012 predicted by the Euler solver agree well with experimental results when the trailing edge vortices dominate the flowfield. Although secondary separations around the sharp trailing edge in the unsteady flow are absent in the Euler solutions, the primary separation shear layers and their rolling-up into concentrated vortices are reproduced. The computational results depart from the experimental results when the leading vortex becomes strong enough to interfere with the trailing-edge vortices.
The present compressible Euler solver with the free-stream Mach number equal to 0.05 or 0.1 can simulate the wake structures and the aerodynamic forces of a flapping airfoil moving at low speeds. The present computation results agree well with the incompressible potential flow solutions and experimental data. The Euler method is superior to the potential-flow methods in simulating the generation and evolution of the trailing-edge separation vortices. As long as there is no flow separation over the smooth surface of the airfoil, use of the Euler method appears to be an attractive alternative to using the Navier-Stokes codes that require greater computational resources and suffer from empiricism of turbulence modeling.
In pure plunging oscillation, the instantaneous lift has the same frequency as that of the airfoil oscillation, and the drag's frequency is one half of the lift's frequency. The lead phase angles of the lift and drag relative to the airfoil angle of attack may be different. At a large dimensionless amplitude and moderate reduced frequency, a wake jet is formed and a positive thrust is generated.
The vorticity filled-contours, the perturbation velocity-vector plots and the instantaneous streamlines are effective numerical visualization tools to study the thrust generation by flapping airfoil. The display of the time variation of the effective angle of attack and the generated aerodynamic forces provides a means to explore the mechanism of the unsteady flow.
